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(57) ABSTRACT

Composite materials with high damping and high stifiness at
relatively low density. These matenals include three-dimen-
sional structures of interconnected ligaments, which have
multiple concentric layers alternating between stifl constrain-
ing layers and soft damping layers, so that bulk deformation

of the structure results 1n high local shear strain and corre-
spondingly high bulk damping.
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CONSTRAINED MICROLAYER CELLULAR
MATERIAL WITH HIGH STIFFNESS AND
DAMPING

CROSS-REFERENCE TO RELATED PATENTS

This application claims the benefit of Provisional Applica-
tion No. 61/778,253, filed Mar. 12, 2013, entitled “CON:-

STRAINED MICROLAYER CELLULAR MATERIAL
WITH HIGH STIFFNESS AND DAMPING”, the entire con-
tent of which 1s incorporated herein by reference. This appli-

cation incorporates by reference 1n their entirety, as 1f set forth
in full, U.S. Pat. No. 7,653,279 (*the *279 patent™) and U.S.
Pat. No. 7,382,959 (*the *959 patent™).

FIELD

The present invention relates to energy-absorbing materi-
als and more particularly to low-density composite materials
exhibiting significant mechanical damping.

BACKGROUND

Damping matenials, 1.e., materials which repeatedly dissi-
pate energy when deformed, are used 1n numerous applica-
tions. They may be used, for example, to mitigate vibrations,
¢.g., 1n atrcralt airframes, to absorb sound, e.g., in automo-
biles, or to cushion 1mpacts. It may be desirable, as in these
examples, for the damping material to provide significant
damping without adding more mass than necessary to the
structure 1n which 1t 1s used. Since the damping eificiency
depends on the product of the damping coelficient and the
modulus, a material with high stifiness 1s desirable. Thus,
there 1s a need for a lightweight material with high stifiness,
and which repeatedly absorbs mechanical energy when
deformed.

SUMMARY

Embodiments of the present invention provide composite
materials with high damping and high stiffness at relatively
low density. These materials include three-dimensional struc-
tures of interconnected ligaments, 1n which the ligaments
have multiple concentric layers alternating between stiff con-
straining layers and soft damping layers, so that bulk defor-
mation of the structure results 1 high local shear strain and
correspondingly high damping.

According to an embodiment of the present invention there
1s provided a three-dimensional open-celled cellular structure

including a plurality of ligaments; each of the plurality of
ligaments mcluding a plurality of layers; a first layer of the
plurality of layers including a first substance; the first layer
being directly between a second layer of the plurality of layers
including a second substance and a third layer of the plurality
of layers including a third substance, the first substance hav-
ing a shear modulus less than one tenth the Young’s modulus
of the second substance, and less than one tenth the Young’s
modulus of the third substance.
In one embodiment, the ligaments are hollow tubes.
In one embodiment, the outer diameter of a ligament of the
plurality of ligaments 1s more than 20 times greater than the
thickness of the second layer.

In one embodiment, a ligament of the plurality of ligaments
includes the third layer as a solid core, and the diameter of the
solid core 1s less than the thickness of the second layer.
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In one embodiment, the ligaments include solid cores; and
the solid cores include a substance having a shear modulus
less than one tenth the Young’s modulus of the second sub-
stance.

In one embodiment, the second substance and the third
substance are the same substance.

In one embodiment, the first substance has a damping
coellicient for which tan(d) exceeds 0.1.

In one embodiment, the ligaments are substantially
straight.

In one embodiment, the ratio of the thickness of the first

layer to the thickness of the second layer 1s between 0.02 and
2.

In one embodiment, the distance between one ligament of
the plurality of ligaments and another ligament of the plural-
ity of ligaments 1s less than 3 centimeters.

In one embodiment, the structure includes 1000 ligaments,
wherein the ratio of the total volume of the ligaments, to the
total volume of the structure, 1s less than 0.3.

In one embodiment, the ligaments include a plurality of
interconnected ligaments having a three-dimensional order.

In one embodiment, the ligaments are configured as an
open-cell foam structure.

In one embodiment, the ligaments are configured as a
honeycomb structure.

In one embodiment, the third substance includes, as a
major component, a substance selected from the group con-
s1sting of: a first sub-group consisting of magnesium, alumi-
num, titanium, vanadium, chromium, i1ron, cobalt, nickel,
copper, zinc, zirconium, niobium, molybdenum, tantalum,
tungsten, and alloys thereot, a second sub-group consisting of
aluminum oxide, silicon, silicon dioxide, silicon carbide, sili-
con nitride, diamond, diamond like carbon, hatnium oxide,
lanthanum oxide, titanium dioxide, titantum nitride, tungsten
nitride, zinc oxide, zircontum dioxide, hatnium carbide, lan-
thanum carbide, tungsten carbide, zirconium carbide, tanta-
lum carbide, and combinations thereot, and combinations of
substances selected from the first sub-group and the second
sub-group.

In one embodiment, the first substance includes, as a major
component, a substance selected from the group consisting of
polymers, thermoplastics, elastomers, rubbers, soit metals,
bitumen maternals, carbon nanotube arrays, and combinations
thereof.

In one embodiment, the first substance includes, as a major
component, a polymer selected from the group consisting of
clastomers, thermoplastics, silicones, urethanes, acrylics,
polyisoprene, polyolefins, poly(p-xylylenes), functionalized
poly(p-xylylenes), poly(oxymethylenes), poly(3,4-ethylene-
dioxythiophene), functional poly(acrylates), methacrylates,
poly(pyrrole-co-thiophene-3-acetic  acids), poly(p-phe-
nylene terephthalamides), poly(isoprene), poly(butadiene),
poly(styrene-co-butadiene), poly(norbornene), poly(ethyl-
ene  propylene), poly(ethylene-co-propylene-co-diene)
(EPDM), polyolefins, butyl rubber, chloroprene rubber,
polysulfide rubber, chlorosulfonated polyethylene, nitrile
rubber (acrylonitrile-co-butadiene), hydrogenated nitrile rub-
ber, poly(vinylchloride-co-nitrile), poly(ether urethane),
poly(ester urethane), epichlorohydrin copolymer, poly(ep-
ichlorohydrin) poly(propylene oxide), ethylene vinyl acetate,
silicone rubbers, polyphosphazenes, ethylene acrylic elas-
tomer, poly(ethylene-co-methacrylate), and combinations
thereof.

In one embodiment, the first substance includes, as a major
component, a soft metal selected from the group consisting of
indium, tin, lead, and alloys thereof.
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In one embodiment, the ligaments are configured so that a
uniform compression of the structure results 1 a local strain
at one point 1n the structure exceeding the degree of uniform
compression by a factor greater than 5.

In one embodiment, the ligaments are configured so that a
uniform compression of the structure results 1n a local shear
strain at one point 1n the structure exceeding the degree of
uniform compression by a factor greater than 3.

In one embodiment, the plurality of layers includes a fourth
layer including a fourth substance; and a fifth layer including
a fifth substance, the fourth layer 1s directly between the fifth
layer and the second layer; and the fourth substance has a
shear modulus less than one tenth the Young’s modulus of the
second substance, and less than one tenth the Young’s modu-
lus of the fifth substance.

In one embodiment, the shear modulus of the first sub-
stance varies with temperature and the shear modulus of the
fourth substance varies with temperature and over a first
range of temperatures, the first substance has a shear modulus
less than one tenth the Young’s modulus of the second sub-
stance, and less than one tenth the Young’s modulus of the
third substance, and over a second range of temperatures, the
tourth substance has a shear modulus less than one tenth the
Young’s modulus of the second substance, and less than one
tenth the Young’s modulus of the fifth substance, and the first
range ol temperatures 1s not the same as the second range of
temperatures.

According to an embodiment of the present invention there
1s provided a three-dimensional open-celled cellular structure
including: a plurality of ligaments, each ligament including a
first layer and a second layer, separated by a gap.

In one embodiment, a surface, of the first layer, bounding
the gap, has a root mean square roughness greater than 0.5
microns.

In one embodiment, the gap 1s empty.
In one embodiment, the gap includes discrete particles.

According to an embodiment of the present invention there
1s provided a three-dimensional open-celled cellular structure
configured to accommodate a tlow of fluid coolant through
the structure.

According to an embodiment of the present invention there
1s provided a method for forming a hollow, open-celled cel-
lular structure, the method 1including: forming a three dimen-
sional template; forming a first coating layer of a first sub-
stance on the three dimensional template; forming a second
coating layer of a second substance on the first coating layer;
forming a third coating layer of a third substance on the
second coating layer; and removing the three dimensional
template, the second substance being different from the first
substance, and the second substance being different from the
third substance.

In one embodiment, the first substance 1s the same as the
third substance.

In one embodiment, the forming of a three-dimensional
template comprises forming a micro-truss template.

In one embodiment, the forming of the micro-truss tem-
plate includes: exposing a volume of a photo-monomer to
collimated light through a patterned mask.

In one embodiment, the forming of the micro-truss tem-
plate includes: forming a plurality of first truss elements
defined by a plurality of first self-propagating polymer
waveguides and extending along a first direction; forming a
plurality of second truss elements defined by a plurality of
second self-propagating polymer waveguides and extending
along a second direction; and forming a plurality of third truss
clements defined by a plurality of third self-propagating poly-
mer waveguides and extending along a third direction.
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In one embodiment, one of the first substance, the second
substance, and the third substance includes, as a major com-
ponent, a substance selected from the group consisting of: a
first sub-group consisting of magnesium, aluminum, tita-
nium, vanadium, chromium, 1ron, cobalt, nickel, copper, zinc,
zirconium, niobium, molybdenum, tantalum, tungsten, and
alloys thereot, a second sub-group consisting of aluminum
oxide, silicon, silicon dioxide, silicon carbide, silicon nitride,
diamond, diamond-like carbon, hatnium oxide, lanthanum
oxide, titantum dioxide, titanium nitride, tungsten nitride,
zinc oxide, zirconium dioxide, hatnium carbide, lanthanum
carbide, tungsten carbide, zirconium carbide, tantalum car-
bide, and combinations thereof, and combinations of sub-
stances selected from the first sub-group and the second sub-

group.

In one embodiment, one of the first substance, the second
substance, and the third substance includes, as a major com-
ponent, a substance selected from the group consisting of
polymers, thermoplastics, elastomers, rubbers, soit metals,

bitumen materials, carbon nanotube arrays, and combinations
thereof.

In one embodiment, one of the first substance, the second
substance, and the third substance includes, as a major com-
ponent, a viscoelastic polymer selected from the group con-
sisting of elastomers, thermoplastics, silicones, urethanes,
acrylics, polyisoprene, polyolefins, poly(p-xylylenes), func-
tionalized poly(p-xylylenes), poly(oxymethylenes), poly(3,
4-ethylenedioxythiophene), functional poly(acrylates),
methacrylates, poly(pyrrole-co-thiophene-3-acetic  acids),
poly(p-phenylene terephthalamides), poly(isoprene), poly(b-
utadiene), poly(styrene-co-butadiene), poly(norbornene),
poly(ethylene propylene), poly(ethylene-co-propylene-co-
diene) (EPDM), polyolefins, butyl rubber, chloroprene rub-
ber, polysulfide rubber, chlorosulionated polyethylene,
nitrile rubber (acrylonitrile-co-butadiene), hydrogenated
nitrile rubber, poly(vinylchloride-co-nitrile), poly(ether ure-
thane), poly(ester urethane), epichlorohydrin copolymer,
poly(epichlorohydrin) poly(propylene oxide), ethylene vinyl
acetate, silicone rubbers, polyphosphazenes, ethylene acrylic
clastomer, poly(ethylene-co-methacrylate), and combina-
tions thereof.

In one embodiment, one of the first substance, the second
substance, and the third substance includes, as a major com-
ponent, a soft metal selected from the group consisting of
indium, tin, lead, and alloys thereof.

In one embodiment, the removing of the micro-truss tem-
plate includes etching out the micro-truss template.

In one embodiment, one of the forming of the first coating,
layer, the forming of the second coating layer, and the form-
ing ol the third coating layer includes using a technique
selected from the group consisting of electro-plating, electro-
phoretic deposition, chemical vapor deposition, physical
vapor deposition, atomic layer deposition, solution deposi-
tion, sol-gel deposition, and slurry deposition.

In one embodiment, the method includes removing the
second coating layer.

In one embodiment, the forming of the first coating laver,
the forming of the second coating layer, and the forming of
the third coating layer include forming the second coating
layer having a shear modulus less than one tenth the Young’s
modulus of each of the first coating layer and the third coating,
layer.
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In one embodiment, there 1s provided a structure formed
according to the method.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
invention will become appreciated as the same become better
understood with reference to the specification, claims and
appended drawings wherein:

FIG. 1A 1s a side view of a portion of a ligament according,
to an embodiment of the present invention;

FIG. 1B 1s a cross-sectional view of a ligament according to
an embodiment of the present invention;

FIG. 1C 1s a cross-sectional view of a portion of a ligament
according to an embodiment of the present invention;

FIG. 2A 1s a cross-sectional view of three layers 1n an
undeformed state according to an embodiment of the present
invention;

FIG. 2B 1s a cross-sectional view of three layers 1 a
deformed state according to an embodiment of the present
imnvention;

FIG. 3A 1s a cross-sectional view of a ligament according,
to an embodiment of the present invention;

FIG. 3B 1s across-sectional view of a ligament according to
an embodiment of the present invention;

FI1G. 3C1s across-sectional view of a ligament according to
an embodiment of the present invention;

FIG. 3D 1s a cross-sectional view of a ligament according
to an embodiment of the present invention;

FIG. 4A 1s a perspective view of ligaments arranged in a
micro-truss configuration according to an embodiment of the
present invention;

FI1G. 4B 1s a photograph of ligaments arranged 1n a micro-
truss configuration according to an embodiment of the
present invention;

FIG. S1s aphotograph of a cross-sectional view of a portion
of a ligament according to an embodiment of the present
imnvention;

FIG. 6 1s a flowchart showing acts 1n fabricating a con-
strained microlayer cellular material according to an embodi-
ment of the present invention;

FI1G. 7 1s a chart showing mechanical properties of a con-
strained microlayer cellular material according to an embodi-
ment of the present invention;

FI1G. 8 1s a chart showing mechanical properties of a con-
strained microlayer cellular material according to an embodi-
ment of the present invention;

FIG. 9 1s a schematic cross-sectional side view of a con-
strained microlayer cellular material according to an embodi-
ment of the present invention;

FIG. 10 1s a photograph of an a constrained microlayer
cellular material 1n the form of an open-cell foam according to
an embodiment of the present invention; and

FIG. 11 1s a photograph of an a constrained microlayer
cellular material 1n the form of a honeycomb according to an
embodiment of the present invention.

DETAILED DESCRIPTION

The detailed description set forth below 1n connection with
the appended drawings 1s intended as a description of exem-
plary embodiments of a constrained microlayer cellular mate-
rial with hugh stifiness and damping provided 1n accordance
with the present invention and 1s not intended to represent the
only forms 1n which the present invention may be constructed
or utilized. The description sets forth the features of the
present invention 1n connection with the illustrated embodi-
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6

ments. It 1s to be understood, however, that the same or
equivalent functions and structures may be accomplished by
different embodiments that are also intended to be encom-
passed within the spirit and scope of the invention. As denoted
elsewhere herein, like element numbers are intended to indi-
cate like elements or features.

In one embodiment, a constramned microlayer cellular
material may be fabricated from a plurality of interconnected
ligaments, each of which has internal structure providing
enhanced damping. Referring to FIG. 1A, the ligament may
be a cylindrical structure, which, referring to the cross-sec-
tional view of FI1G. 1B, may be hollow and may include three
concentric tubular layers 120, 130, also shown in another
cross-sectional view 1n FIG. 1C. In one embodiment, the
three layers may include a soft layer, which may be referred to
as a damping layer 120, sandwiched between two stiif layers,
which may be referred to as constraining layers 130. In one
embodiment the constraining layers 130 may be composed of
the same substance.

Referring to FIG. 2A, a structure with a damping layer 120
sandwiched between two constraining layers 130, may, when
deformed in bending as in FIG. 2B, induce significant shear
strain 1n the damping layer 120. The constraining layers 130
may be composed of a substance with a high Young’s modu-
lus and the damping layer 120 may be composed of a sub-
stance with a low shear modulus, e.g., a shear modulus that 1s
less than one tenth of the Young’s modulus of the constraining
layers, so that when the assembly 1s deformed 1n bending, the
constraming layers 130 resist elongation or compression and
are locally displaced relative to each other along the compos-
ite structure, inducing shear strain in the damping layer 120.
This shear strain may result 1n significant energy being dis-
sipated when the damping layer 120 has a damping coelli-
cient greater than 0.01.

Referring to FIG. 3A, 1n another embodiment, the ligament
may have a solid core, 1.¢., it may not be hollow. The ligament
may have a stifl central core, which may be referred to as a
central constraining layer 130, surrounded by a damping
layer 120 and a second constraining layer 130. Thus, as used
herein, the term “layer” refers to either the solid, e.g., cylin-
drical core of a ligament or to a tubular element 1n the liga-
ment. The solid core or tubular element forming a layer need
not be precisely or even approximately cylindrical, but may
for example be oval, polygonal, or irregular 1n shape. In one
embodiment a stiff central core with a thickness of less than
the damping layer 1s used, to prevent the structure from hav-
ing excessive stiffness. In other embodiments, the ligament
may have a damping layer 120 forming a solid core (FI1G. 3B),
and 1t may have a larger number of alternating damping layers
120 and constraining layers 130, with a solid core (FIG. 3C)
or with a hollow core (FIG. 3D).

Referring to FIG. 4A, in one embodiment, the constrained
microlayer cellular material may be composed of ligaments
110 arranged 1n the pattern of a three-dimensional microtruss,
in which the ligaments 110 are truss members, which con-
nect, e.g., interpenetrate, at a plurality of nodes. Referring to
FIG. 5, each ligament 110 may be composed of an inner
constraming layer 130 of nickel (N1), an intermediate damp-
ing layer 120 of poly(p-xylylene) polymers, and an outer
constraining layer 130 of nickel. FIG. 4B shows a photograph
of a constrained microlayer cellular matenal.

A constrained microlayer cellular material having the
structure illustrated in FI1G. 4 A, and with ligaments as shown
in FIG. 5 may, for example, be fabricated by first forming a
thiol-ene micro-truss template, e.g., an ordered three-dimen-
sional (3D) microstructure of polymer waveguides, of the sort
disclosed 1n the *959 patent and 1n the *279 patent. In an
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exemplary process for forming such a micro-truss sacrificial
scallfold, a suitable photopolymerizable resin may be poured
into a tray and covered with a mask having an array of holes.
The tray may be irradiated, through the mask, with collimated
light incident on the mask from different directions. The
collimated light entering the mask from a given direction
through a given hole 1n the mask takes the shape of a beam of
light 1n the resin, causing one or more chemical changes in the
resin within the beam. These chemical changes may atlect the
index of refraction, and as a result the beam may cause a
waveguide to form in the resin, which then in turn guides the
beam along the path where the waveguide has already
formed. In particular, in one embodiment of the present
invention, the collimated light may cause the resin to poly-
merize, resulting 1n a micro-truss structure. The unreacted
resin may then be washed away, leaving the micro-truss tem-
plate.

The template may then be coated with a 2 micron thick
clectroless nickel layer, a 2.5 micron thick poly(p-xylylene)
polymer layer, of a poly(p-xvlylene) polymer which may be
referred to as parylene N, and another 2 micron thick electro-
less nickel layer. Subsequently the thiol-ene template may be
removed by chemical etching. The resulting hollow lattice
has a “sandwich” wall structure with a cross-section shown in
FIG. 5. In one embodiment, the waveguides, and the resulting
ligaments 110, may be substantially straight. In other
embodiments, the interconnected ligaments may have a dii-
terent regular structure, or an irregular structure, such as that
of an open-cell foam (FIG. 10). A constrained microlayer
cellular material with the structure of an open-cell foam may
be formed, for example, by using a an open-cell foam as a
template, coating 1t with a constraining layer 130, a damping
layer 120, and a constraining layer 130, and then optionally
removing the template, ¢.g., by etching. In other embodi-
ments, the material may have the structure of a honeycomb
(FIG. 11). The material may have a cell size, e.g., a node-to-
node spacing, in the range of 10 micron to 3 cm. The solid
volume fraction of the material may be significantly less than
unity, e.g., 1t may be less than 0.3, where the solid volume
fraction may be defined as the fraction of solid material in a
suificient quantity of the maternial to provide a meaningiul
measure, including, e.g., at least 1000 ligaments. In one
embodiment, the outer diameter of a ligament may be 20
times or more the thickness of a damping layer. Techniques
which may be used to form constraining layers 130 and damp-
ing layers 120 include electro-plating, electrophoretic depo-
sition, chemaical vapor deposition, physical vapor deposition,
atomic layer deposition, solution deposition, sol-gel deposi-
tion, and slurry deposition.

Referring to FIG. 6, the acts involved 1n fabricating a
constrained microlayer cellular maternial according to one
embodiment may be illustrated with a flow chart. In a first act
610, a template 1s fabricated, e.g., 1n the form of a thiol-ene
micro-truss or in the form of an open-cell foam. In a subse-
quent act 620, a constraining layer 1s formed as a coating on
the template, and then a damping layer 1s formed as a coating,
on the constraining layer, in an act 630. The acts 620 and 630
may be repeated, as indicated by the dashed line 1n FIG. 6, to
form multiple alternating constraining and damping layers. In
an act 640, the template may be removed, e.g., by etching.

Referring to FIG. 7, which shows mechanical properties
for the embodiment depicted in FIG. 4A and FIG. 5, mea-
sured by dynamic mechanical analysis at a frequency of 50
Hz, consistently high damping and dynamic stiffness may be
achieved with such a constrained microlayer cellular mate-
rial. The material may have a density of 26 mg/cm”, a storage
modulus of 10 MPa, and a loss coelficient (tan 0) of approxi-
mately 0.39 at 50 Hz and at an amplitude of 5-10 microns.
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Referring to FIG. 8, the performance of such a material, 1n
terms of damping achieved at a given specific stifiness,
exceeds that of other materials including metals, carbon fiber
composites, high-performance cellular cores such as foams,
and polymers.

The thicknesses of the constraining layer and damping
layer may be varied to taillor damping and stiffness, with
thicker constraining layer resulting 1in higher stifiness and
strength. Furthermore the thickness ratio of the constraining
layers may be varied to intluence the decrease 1n stifiness on
exceeding the glass transition temperature (1'g) of the damp-
ing layer. In one embodiment, a constraining layer ratio of
1:1, 1.e., a ratio of constraining layer thickness to damping
layer thickness o1 1:1, results in the highest damping but also
the highest drop 1n stifiness when the center polymer layer
becomes soit above Tg. A ratio of, e.g., 1:3, 1.e., a damping
layer three times as thick as the constraining layer thickness,
results 1n lower damping but also a lower drop 1n stifiness. In
one embodiment, the thickness of a damping layer 1s between
0.02 times the thickness of a constraining layer and 2 times
the thickness of a constraining layer. In one embodiment, the
outer diameter of a ligament 110 1s at least 20 times the

thickness of a damping layer 120.

In an embodiment having multiple damping layers (e.g., as
shown i FIG. 3C and FIG. 3D), different polymers with
different glass transition temperatures may be used as damp-
ing layers, thereby widening the temperature range where the
damping 1s most eflective. The structure or architecture of the
lattice can be altered to vary stifiness and strength and 1nflu-
ence the damping performance by changing bending modes
of nodes and struts. Specific torsion architectures may be
designed that translate global compressive strain into local
torsion and increase the amount of strain put on the damping
layer, thereby increasing damping. Envisioned embodiments
include a micro-truss structure in which the struts intersect at
a node off-center and force it to rotate on compression, and a
micro-truss structure with s-shaped basal plane connectors
that induce rotation on compression. In one embodiment,
such a structure may exhibit local strain, e.g., shear strain,
exceeding a uniform bulk compression by a factor greater
than 5.

Various substances may be used for the constraining layers
130 and damping layers 120. For the constraining layer 130,
substances with high stifiness and strength are of interest,
especially metals or ceramics. A constraining layer 130 may,
for example, be composed of, or of alloys of, magnesium,
aluminum, ftitanium, vanadium, chromium, iron, coballt,
nickel, copper, zinc, zirconium, niobium, molybdenum, tan-
talum, or tungsten. In another embodiment, a constraining
layer 130 1s composed of aluminum oxide, silicon, silicon
dioxide, silicon carbide, silicon nitride, diamond, diamond
like carbon, hatnium oxide, lanthanum oxide, titanium diox-
1ide, titantum nitride, tungsten nitride, zinc oxide, zirconium
dioxide, hainium carbide, lanthanum carbide, tungsten car-
bide, zircontum carbide, or tantalum carbide. A constraining
layer 130 may also be composed of combinations of these
substances, being formed, for example, of a layer of a stiff
ceramic on a layer of a stiil metal.

Damping layers 120 may be composed of substances with
high damping coetlicients, e.g., viscoelatic polymers, rub-
bery polymers and soit metals such as indium (In), tin (Sn)
and lead (Pb), and their alloys. Suitable polymers may include
clastomers, thermoplastics, silicones, urethanes, acrylics,
polyisoprene (natural rubber), polyolefins (e.g., polyethyl-
ene, chlorinated polyethylene, or polypropylene), poly(p-xy-
lylenes), functionalized poly(p-xylylenes), poly(oxymethyl-
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enes), poly(3,4-ethylenedioxythiophene), functional poly
(acrylates), methacrylates, poly(pyrrole-co-thiophene-3-
acetic acids), poly(p-phenylene terephthalamides), poly
(1soprene), poly(butadiene), poly(styrene-co-butadiene),
poly(norbornene), poly(ethylene propylene), poly(ethylene-
co-propylene-co-diene) (EPDM), polyolefins, butyl rubber
(1.e., poly(isobutylene-co-1soprene)), chloroprene rubber,
polysulfide rubber, chlorosulfonated polyethylene, nitrile
rubber (acrylonitrile-co-butadiene), hydrogenated nitrile rub-
ber, poly(vinylchloride-co-mitrile), poly(ether urethane),
poly(ester urethane), epichlorohydrin copolymer (i.e., poly
(epichlorohydrin-co-ethylene oxide)), poly(epichlorohydrin)
poly(propylene oxide), ethylene vinyl acetate, silicone rub-
bers (e.g., polydimethyl siloxane and trifluoroisopropylm-
cthyl siloxane), polyphosphazenes, ethylene acrylic elas-
tomer, and poly(ethylene-co-methacrylate).

Poly(p-xylylene) polymers have an approximate tan delta
of 0.02-0.05 at 20° C.; therefore, switching, 1n the embodi-
ment 1llustrated 1n FIG. 5, to a highly lossy substance like
viscoelastic urethane polymers (with a tan delta of between
0.3 and 0.6) may be expected to increase the damping coet-
ficient of the corresponding constrained microlayer cellular
material substantially. Multiple polymers like poly(p-xy-
lylenes), poly(acrylates) and methacrylates, poly(p-phe-
nylene terephthalamide) and others can be vapor deposited.
The advantage of using a thin layer of a highly lossy sub-
stance like sorbothane 1n a constrained microlayer material
instead of using 1t as a bulk material lies 1n the higher stifiness
and strength and lower density of the constrained microlayer
material.

In one embodiment, heat may be extracted from the con-
strained microlayer cellular material while maintaining high
vibration absorption capacity. The constraimng layers 130
may, for example, be composed of a highly thermally con-
ductive metal that can readily extract the heat from a thin
viscoelastic damping layer. This heat may then be carried off
by air which may surround, or tlow between, the ligaments.
To enhance heat extraction a different fluid may be made to
flow through the cellular material, instead of, or in addition to,
air.

In one embodiment, a “dry” damping layer 120 may be
used. This damping layer 120 1n the sandwich or multilayer
structure may be a gap instead of a viscoelastic polymer. In
this case the damping may be accomplished by friction
between the adjacent layers. The friction may be enhanced by
roughness, surface bumps, or particles. In one embodiment
the root mean square surface roughness of the surfaces facing,
into the gap 1s at least 0.5 microns. The cellular architecture
may be “self-locking” 1n order not to fall apart when the
middle layer 1s removed, 1.e., the layers on the micro-truss
structures of this embodiment may be locked together. Such a
structure may be fabricated by depositing a layer suitable for
subsequent removal, e.g. with a solvent or etchant. In one
embodiment the layer 1s burned out or pyrolyzed to leave a
carbon or morganic residue behind that increases friction. In
one embodiment, a brittle, e.g. ceramic, layer 1s deposited that
“crumbles” on subsequent straining and leaves behind par-
ticles that increase friction between the constraining layers.
Such a “dry” damping layer may provide damping indepen-
dent of temperature and may be beneficial for applications at
extreme temperatures, €.g., space applications, or high tem-
perature applications.

In one embodiment a liqguid may be used as a damping layer
120. A structure with a liquid damping layer 120 may be
tabricated, for example, by fabricating a structure with a
temporary solid layer in the location of the damping layer, and
then removing this solid layer, e.g., by solvent, etchant, burn-
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ing or pyrolysis, and substituting a viscous liquid. The liquid
may then provide viscous damping, thereby changing the
damping mechanism to viscous damping which may be pre-
terred for some applications.

Referring to FIG. 9, 1n another embodiment an aligned
carbon nanotube (CNT) array 910 may be used between two
constraining layers 130. In the typical as-grown state, these
CNT arrays are not perfectly parallel, and instead exhibit
considerable “internal length™ that 1s longer than the height of
the array. As the structure 1s mechanically strained (1n this
example, 1n shear) the CN'T material straightens. In addition
to straighteming, the nanotubes also slide past one another, or
within an optional “matrix” such as a polymer, resin, nano-
particle slurry, or rubber. In this process, the internal friction
dissipates energy. CNT's are stable at high temperatures and
exhibit good damping properties up to 1200° C.

As envisioned, an exemplary {fabrication technique
includes depositing a catalyst that promotes CN'T growth on
a cellular matenal, e.g. a micro-truss structure. Then the CNT
array 1s grown on this substrate by any of a number of con-
ventional means, including thermal CVD and plasma-en-
hanced CVD. The array is then coated with a metal, such as
copper or nickel. The metal layers are deposited such that
there 1s adhesion to the CNT array. Additional constraining
layers 130 or damping layers 120 may then be deposited.

Typical mechanical properties for CN'T arrays depend on
growth conditions. Storage and loss modulus can be arranged
from approximately 1 MPa to approximately 100 MPa, and
more typically between approximately 7 MPa and 30 MPa.
Loss tangent values between 0.1 and 0.25 can be obtained.

Other embodiments include allowing for fluids such as
cthylene glycol, polymers such as polyethylene glycol, elas-
tomers, e.g. silicones, or nanoparticulate materials, e.g.
tullerenes, to be included 1n the region containing the aligned
CNT layer 910. A bias force may optionally also be included
perpendicular to the plane of the CNT array, increasing the
compression ol the CNT material and allowing for more
displacement parallel to the array, 1.e. 1n the direction produc-
ing shear deformation 1n the CNT layer 910.

Constrained microlayer cellular materials as described
herein may have multiple useful properties. They can be
designed with loss coelficient, modulus and density tailored
to specific applications and can provide properties that cannot
be achieved with existing materials. Constrained microlayer
cellular materials can be fabricated using metal and may
exhibit high damping while retaining metallic properties
including high electric and thermal conductivity, environ-
mental stability, and high temperature capability. Constrained
microlayer cellular materials can operate over larger tempera-
ture ranges than conventional visco-elastic polymer dampers
that are limited to a small temperature range around their
glass transition temperature. Constrained microlayer damp-
ing materials offer multifunctional opportunities due to their
open cellular structure, for example for simultaneous damp-
ing and active cooling or heating, damping and energy stor-
age, or damping and impact or blast energy absorption.

Constraimned microlayer cellular materials have various
uselul potential applications, including minimizing vibration
and noise transmission, and providing improved acoustic
absorbers, thinner acoustic absorbers, lighter acoustic
absorbers, nonflammable high temperature acoustic absorb-
ers, multifunctional acoustic absorbers, and improved damp-
ers to dampen vibrations of automobile bodies or aircrait
structures. They are particularly well suited to applications
requiring lower mass, reduced temperature dependence, and
multifunctional properties such as simultaneous vibration
damping and impact protection. Acoustic materials with tun-
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able impedance and loss, and with high strength, may find
applications 1n hydrophone acoustic baiiles in underwater
applications.

Although exemplary embodiments of the constrained
microlayer cellular material with high stifiness and damping
have been specifically described and 1llustrated herein, many
modifications and variations will be apparent to those skilled
in the art. Accordingly, it 1s to be understood that the con-
strained microlayer cellular material with high stiffness and
damping constructed according to principles of this invention
may be embodied other than as specifically described herein.
The invention 1s also defined in the following claims, and
equivalents thereofl.

What 1s claimed 1s:

1. A method for forming a three-dimensional open-celled
cellular structure, the method comprising:

forming a three-dimensional open-celled cellular tem-
plate;

forming a second coating layer of a second substance on
the three-dimensional template;

forming a first coating layer of a first substance on the
second coating layer;

forming a third coating layer of a third substance on the first
coating layer; and

removing the three-dimensional template,

the first substance having a shear modulus
less than one tenth the Young’s modulus of the second

substance, and
less than one tenth the Young’s modulus of the third
substance.

2. The method of claim 1, wherein the second substance 1s
the same as the third substance.

3. The method of claim 1, wherein the forming of the
three-dimensional open-celled cellular template comprises
forming a micro-truss template.

4. The method of claim 3, wherein the forming of the
micro-truss template comprises:

exposing a volume of a photo-monomer to collimated light
through a patterned mask.

5. The method of claim 3, wherein the forming of the

micro-truss template comprises:

forming a plurality of first truss elements defined by a
plurality of first self-propagating polymer waveguides
and extending along a first direction;

forming a plurality of second truss elements defined by a
plurality of second self-propagating polymer
waveguides and extending along a second direction; and

forming a plurality of thuird truss elements defined by a
plurality of third self-propagating polymer waveguides
and extending along a third direction.

6. The method of claim 1, wherein one of the first sub-
stance, the second substance, and the third substance com-
prises, as a major component, a substance selected from the
group consisting of:

a first sub-group consisting of magnestum, aluminum, tita-
nium, vanadium, chromium, 1iron, cobalt, nickel, copper,
Zinc, Zirconium, niobium, molybdenum, tantalum, tung-
sten, and alloys thereof,

a second sub-group consisting of aluminum oxide, silicon,
silicon dioxide, silicon carbide, silicon nitride, diamond,
diamond-like carbon, hatnium oxide, lanthanum oxide,
titanium dioxide, titanium nitride, tungsten mitride, zinc
oxide, zirconium dioxide, hatnium carbide, lanthanum
carbide, tungsten carbide, zirconium carbide, tantalum
carbide, and combinations thereof, and

combinations of substances selected from the first sub-
group and the second sub-group.
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7. The method of claam 1, wherein one of the first sub-
stance, the second substance, and the third substance com-
prises, as a major component, a substance selected from the
group consisting ol polymers, thermoplastics, elastomers,
rubbers, soft metals, bitumen materials, carbon nanotube
arrays, and combinations thereof.

8. The method of claim 7, wherein one of the first sub-
stance, the second substance, and the third substance com-
prises, as a major component, a viscoelastic polymer selected
from the group consisting of elastomers, thermoplastics, sili-
cones, urethanes, acrylics, polyisoprene, polyolefins, poly(p-
xylylenes), functionalized poly(p-xvylylenes), poly(oxymeth-
ylenes), poly(3,4-ethylenedioxythiophene), functional poly
(acrylates), methacrylates, poly(pyrrole-co-thiophene-3-
acetic acids), poly(p-phenylene terephthalamides), poly
(1soprene), poly(butadiene), poly(styrene-co-butadiene),
poly(norbornene), poly(ethylene propylene), poly(ethylene-
co-propylene-co-diene) (EPDM), polyolefins, butyl rubber,
chloroprene rubber, polysulfide rubber, chlorosulfonated
polyethylene, nitrile rubber (acrylonitrile-co-butadiene),
hydrogenated nitrile rubber, polyvinylchloride-co-nitrile),
poly(ether urethane), poly(ester urethane), epichlorohydrin
copolymer, poly(epichlorohydrin) polypropylene oxide),
cthylene vinyl acetate, silicone rubbers, polyphosphazenes,
ethylene acrylic elastomer, poly(ethylene-co-methacrylate),

and combinations thereof.

9. The method of claim 7, wherein one of the first sub-
stance, the second substance, and the third substance com-
prises, as a major component, a soft metal selected from the
group consisting of indium, tin, lead, and alloys thereof.

10. The method of claim 1, wherein the removing of the
three-dimensional open-celled cellular template comprises
ctching out the three-dimensional open-celled cellular tem-
plate.

11. The method of claim 1, wherein one of

= -

the forming of the second coating layer,

the forming of the first coating layer, and
the forming of the third coating layer

comprises using a technique selected from the group con-

sisting of electro-plating, electrophoretic deposition,
chemical vapor deposition, physical vapor deposition,
atomic layer deposition, solution deposition, sol-gel
deposition, and slurry deposition.

12. The method of claim 1, further comprising removing
the first coating layer.

13. The method of claim 1, wherein the forming of the
second coating layer, the forming of the first coating layer,
and the forming of the third coating layer comprise forming
the first coating layer having a shear modulus less than one
tenth the Young’s modulus of each of the second coating layer
and the third coating layer.

14. The method of claim 1, wherein the forming of the
three-dimensional open-celled cellular template comprises
forming an open-cell foam template.

15. The method of claim 1, wherein the forming of the
three-dimensional open-celled cellular template comprises
forming a honeycomb template.

16. The method of claim 1, wherein the structure comprises
a plurality of hollow tubes, an outer diameter of one of the
plurality of hollow tubes being more than 20 times greater
than a thickness of the second coating layer.

17. The method of claim 1, wherein the ratio of a thickness
of the first coating layer to a thickness of the second coating
layer 1s between 0.02 and 2.

18. The method of claim 1, wherein the first substance has

a damping coelficient for which tan(s) exceeds 0.1.
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19. The method of claim 1, wherein the structure includes
1000 ligaments, wherein the ratio of the total volume of the
ligaments, to the total volume of the structure, 1s less than 0.3.

20. The method of claim 1, further comprising:

forming a fourth coating layer of a fourth substance

directly on the third coating layer; and

forming a {ifth coating layer of a fifth substance directly on

the fourth coating layer,

wherein the fourth substance has a shear modulus less than

one tenth the Young’s modulus of the third substance,
and less than one tenth the Young’s modulus of the fifth
substance.

21. The method of claim 1, wherein the first substance 1s
composed of discrete particles.

x x * Cx x
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